Peri-prosthetic bone loss caused by stress shielding may be associated with aseptic loosening of femoral components. In order to increase primary stability and to reduce stress shielding, a three-dimensional, cementless individual femoral (Evolution K) component was manufactured using pre-operative CT scans. Using dual energy x-ray absorptiometry, peri-prosthetic bone density was measured in 43 patients, three months, six months, 3.6 and 4.6 years after surgery. At final follow-up there was a significant reduction in mean bone density in the proximal Gruen zones of -30.3% (zone 7) and -22.8% (zone 1). The density in the other zones declined by a mean of between -4% and -16%. We conclude that the manufacture of a three-dimensional, custom-made femoral component could not prevent a reduction in peri-prosthetic bone density.
A cementless femoral component, when compared with a cemented design, has only a small surface area capable of transmitting force to the underlying bone. This causes stress shielding, a process by which areas of bone lacking contact with the prosthesis begin to disintegrate. Firm, primary stability of an implant is essential, because possible micromovements might prevent bony ingrowth, even in porous-or hydroxyapatite-coated surfaces. Firm stability is achieved either through a press-fit (jamming of the prosthesis in the medullary cavity) or a form-fit (fitting of the implant in the medullary cavity) technique. An improved press-and form-fit should not only improve primary stability, but also bony ingrowth, thereby counteracting any reduction in peri-prosthetic bone density.
Aldinger, Fischer and Kurtz 1 developed one of the first individualised femoral components in the 1980s, the so-called 'step prosthesis'. High quality CT scans of the proximal femoral shaft were undertaken pre-operatively and then, using computer-assisted design software, a three-dimensional image of the femur was taken. Then, following the principle of 'fit and fill', an appropriately designed prosthesis was manufactured and implanted. The initial oval design was further developed by Küsswetter, Aldinger and Sell. 2 The press-fit technique was improved by a surface area that was better adapted to the bony profile and narrowed evenly in a longitudinal direction. Longitudinal grooves on the component improved torsional stability.
Good peri-prosthetic bone quality, a sign of a good fit and primary stability, is often measured using dual energy x-ray absorptiometry (DEXA). [3] [4] [5] [6] A number of comparable studies have demonstrated a reduction in peri-prosthetic bone density in the proximal third of the femoral shaft, by between 2% and 21% at between six months and two years after surgery. [7] [8] [9] [10] Only one study, describing a custom-made femoral component, has shown a reduction in proximal bone mineral density of 10% laterally and 16% medially after two years. 11 In light of this, the aim of our study was to investigate the clinical results related to the bony integration of a femoral component in the medium term, as well as the peri-prosthetic bone remodelling processes, over approximately a five-year period after surgery.
Patients and Methods
Our sample initially included 50 patients who were treated with a cementless custom-made femoral component, the Evolution K (Fehling Medical AGI, Karlstein, Germany), and a HarrisGalante acetabular component. In order to plan an individually fitted prosthesis, CT scans were necessary. They were evenly spaced and used to calculate a three-dimensional image of the femur. An individual prosthesis fitted to the medullary cavity was then manufactured (Fig.  1) . Computerised planning also determined the resection height, the implantation stiffness and the implantation angle.
The post-operative recovery was uneventful in all cases and the treatment regime included a weekly increase in weight-bearing, from 10 kg partial weight-bearing to full weight-bearing. A 16-day in-patient stay was followed by a three-to four-week stay in a rehabilitation centre.
We excluded seven patients because between six months and four years post-operatively, two died, three had a revision for aseptic loosening of the femoral component and two moved back to their native country. The patients were reviewed on five occasions post-operatively with a mean total follow-up of 4.6 years (4.4 to 5.5; Table I ).
In addition to a subjective assessment, Harris hip scores were determined, a plain radiograph (anteroposterior and lateral) performed and the bone density of the lumbar spine and of both hips measured. The radiographs were analysed for subsidence of the femoral component with reference to the greater trochanter, peri-articular ossification and periprosthetic osteolysis or ossification.
In order to determine the peri-prosthetic bone density at the hip, DEXA was undertaken, using a Lunar DPX-L densitometer (Lunar, Madison, Wisconsin). To guarantee accuracy, care was taken to position the patient precisely and to standardise the procedure. Those with a medical history which might influence bone density were excluded from the study.
The vertebral bodies of L2 to L4 were used to analyse the spinal scans and to determine the bone mineral density (BMD) in g/cm 2 . Analysis of the peri-prosthetic bone density changes used the zones described by Gruen, McNeice and Amstutz. 12 A densitometer measurement was taken from the nonoperated side of each patient. Contralateral total hip replacement had been undertaken in 13 of 43 patients before or during our study and these patients were excluded from the assessment of their non-operated hip. One further patient was excluded from this assessment because of malunion of a previous femoral fracture. Therefore, we included 29 of the total 43 patients in the assessment of the contralateral hip. Measurements of the lumbar spine and contralateral hip were performed, in order to monitor bone density and allow us to exclude a systemic bone density loss. Statistical analysis. The mean and standard deviation ( SD ) of each parameter were calculated and we used the Kolmogorow-Smirnow test (SPSS Inc., Chicago, Illinois) to assess any variance from a standard distribution. In order to evaluate whether measured data taken at different times varied significantly, a multivariate analysis was also used. Our null hypothesis was that there was no difference between repeat measurements. Rejection of the global null hypothesis was evaluated using the paired Student's t -test. A value of p < 0.05 was considered significant.
Results
Our study included 19 women and 24 men. There were 19 patients with an individual prosthesis on the left and 24 on the right. The mean age of the patients at the time of surgery was 54 years (27 to 64). The mean height of the patients was 169 cm (148 to 186) and the mean body weight was 76 kg (54 to 98). A low pre-operative mean Harris hip score of 38.6 points (16 to 64) increased gradually to 91.8 points (34 to 100) five years after surgery (Fig. 2) .
The radiographic analysis showed a mean subsidence of the femoral component of 0.3 mm (0 to 3) after 4.6 years The Evolution K femoral component. and a few areas of osteolysis only, but also some bony hypertrophy, especially in Gruen zone 5. There was cancellous transformation of the cortical bone (Table II) in 33 patients in zone 7.
The bone density of the lumbar spine undergoes a physiological reduction from the age of 40 years because of a decline in osteoblastic redevelopment of about 1% per year. 8 Post-operatively, the bone density decreased by -1% (+5.7% to -13.9%) after three months and -1% (+6.1% to -10.1%) after six months, -1.8% (+9.7% to -14.4%) after 3.6 years and -2.7% (+8.9% to -13.9%) after 4.6 years, compared with the measurements taken eight days postoperatively. Thus, the decline in bone density of our patients remained fairly constant, considering the physiological decline which occurs with increasing age.
Analysis of the post-operative measurements for the affected hip showed a statistically significant decline in mean bone density in all seven zones, of between -8.1% and -14.6% at three months. At six months, the mean decrease was -14.9% (+40.5% to -26.4%) in zone 1 and -23.7% (+15.3% to -47.0%) in zone 7 (Table III) compared with the initial measurements. By a mean of 4.6 years post-operatively, the mean bone density in zone 1 had decreased by -22.8% (+28.4% to -62.6%) but by -30.3% (+14.7% to -72.9%) in zone 7 demonstrating a progressive decline in proximal density. Zone 2, representing the mid-lateral area of the prosthesis, showed a statistically significant reduction in mean density of -15.9% (+16.2% to -53.5%) by the 4.6-year measurement. Although analysis of zone 4, located distal to the prosthesis, showed a significant reduction in mean density of -8.1% (+12.8% to -46.2%) by three months post-operatively when compared with the measurement on day 8, the decline remained fairly constant, being -9.8% (+9.1% to -51.5%), at 4.6 years after surgery.
Both distal fields showed a significant reduction in mean density after 4.6 years, of -6% (+11.2% to -20.8%) in zone 3 and -3.6% (+14.7% to -18.1%) in zone 5 compared with the initial measurements. However, in comparison with the measurements at three months, a mean increase of 5.1% was observed in zone 3, of 9.4% in zone 5 and also of 3.1% in zone 6.
In conclusion, there was a progressive post-operative decline in bone density of the operated hip in both proximal zones. Both distal zones, as well as zone 6, showed a statis- tically significant decline within the first few months, followed by an increase, in comparison with the measurement at three months. The level of the eight-day measurement was never reached, however (Table III) . Analysis of the contralateral hip showed a statistically significant reduction in density in all zones except zone 6 (p = 0.1990) after 3.6 and 4.6 years, compared with the measurements taken eight days post-operatively (-7.9% in zone 1 and -7.6% in zone 7). Compared with the changes seen on the operated leg, these were less pronounced. Also, in zone 2, representing the mid lateral third of the prosthesis, the mean reduction in density of 8.1% was greater than for the remaining zones (Table IV) .
In all other fields, with losses ranging from -2.3% to -6.9%, only slight reductions in bone density were seen, when compared with the measurements made on the eighth post-operative day.
Discussion
Following implantation of a hip prosthesis, changes in force transmission through the proximal femur, combined with osseointegration of the implant, lead to bony restructuring. This is of great significance for long-term stability. The Evolution K is a three-dimensionally-fitted prosthesis designed for better form-fit and press-fit, in order to achieve primary stability. Force transmission over a large surface area aims to counteract bone loss, improve osseointegration and guarantee high secondary stability. 2 However, features other than the prosthetic design might influence bony remodelling. These include the biocompatability and physical properties of the prosthetic material, the surface area of the implant, abrasion particles, the weight of the patient and some aspects of the past medical history. 13 Another important quality criterion besides osseointegration and long-term stability of the femoral component, is clinical outcome. Our results were good, with a mean Harris hip score of 91.8 points after a mean follow-up of 4.6 years. Various prospective and retrospective studies on different types of prosthesis have suggested comparable results, with Harris hip scores ranging from 88 to 97 from two to six years after surgery. In order to analyse changes in bone density of certain areas of the body in vivo , a reproducible and non-invasive method is necessary. The DEXA technique is well-established in this area. In order to avoid misinterpretation of the changes in peri-prosthetic bone density measurements of the lumbar spine and the contralateral hip were made. Systemic density changes and changes in the lower extremities in particular, could thus be identified and taken into account when assessing each local area. The mean reduction in the density of the lumbar spine of between -1.8% (3.6 years post-operatively) and -2.7% (4.6 years post-operatively), could thus be age-related. Other studies have described a physiological loss in bone density of 25% between the ages of 45 and 75 years. 14 In comparison with the contralateral hip, a statistically significant loss of mean density of between -4.6% and -8.1% in all Gruen zones was seen, with the exception of zone 6. This showed a decline in bone density of -2.1% after 3.6 years and -2.3% after 4.6 years. Immobilisation can also lead to decline in both systemic and local bone density, although high activity levels can reduce this. 15 Our post-operative rehabilitation programme permitted an increase in weight-bearing by 10 kg every second week, until full weight-bearing was achieved. Despite this programme, there was a small decrease in mean bone density on the contralateral hip after three months which did not recover over the course of the study.
Trevisan et al 16 documented a general peri-prosthetic decline in bone density (> 15% in the proximal femur) because of post-operative immobilisation and non-weightbearing, among other reasons.
Similarly, our patient sample displayed a density loss of between -8.1% and -14.6% in all zones three months postoperatively, compared with the initial eight-day measurement (Table III) . These results stress the importance of early, intensive post-operative physiotherapy, as does the work of Martini et al 4 who described the positive effects of early progressive weight-bearing. According to Trevisan et al, 16 bone density loss recovers after the third month with the exception of the calcar.
We found an increase in mean bone density of between +3.1% and +9.4% in zones 3, 5 and 6 after a mean of 4.6 years compared with measurements made at three months. However, the proximal zones (1 and 7) displayed a further 10 described changes in bone mineral density five years after hip replacement using a cementless Spotorno component. There was a mean reduction in men of 14.3% in zone 1 and 14% in zone 7; the mean reduction in women was 25.6% in zone 1 and 25.6% in zone 7. The remaining zones revealed density changes from -2.6% loss in zone 2 to +12% density increase in zone 5 for men, but density losses of -10.4% in zone 6 and -6.9% in zone 5 for women. 10 The peri-prosthetic bone remodelling process is thus subject to different laws in different regions, each requiring separate evaluation and interpretation.
Different studies have documented that altered force transmission in the proximal femur, caused by stress shielding after implantation of a hip prosthesis, often leads to a loss of proximal bone density. 6, [17] [18] [19] [20] Pritchett 21 looked at different types of prosthesis and suggested that the degree of proximal loss correlated with the extent of stress shieldings. Kilgus et al 18 reported the changes after a cementless porous-coated total hip replacement, with losses of -35% in the proximal third of the femur. Examining the proximal areas for cemented and cementless components two years post-operatively, Marchetti et al 22 showed a significantly lower mean density loss of -11% for cementless prostheses compared with -35% for cemented component.
For many types of prosthesis, forces bypass the proximal area of the femur and are transmitted more distally. 23 Because this effect is considered to be the cause of proximal density loss, prosthesis manufacturers hoped to reduce it with the aid of an improved form-fit.
Our data have shown that despite the complex threedimensionally-fitted design of the Evolution K prosthesis, with its excellent form-fit, proximal bone density loss because of stress shielding could not be avoided, or significantly reduced.
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